Osmotic adjustment in higher plants refers to the maintenance of turgor by lowering of osmotic potential arising from the net accumulation of solutes in response to water deficits. Genetic variation for osmotic adjustment has been reported in several crops, but little is known about its inheritance and potential use as selection criteria in tropical maize (Zea mays L.). Two tropical lowland maize populations were used in this study to quantify the magnitude of genetic variability in osmotic adjustment; to estimate components of its genetic variance and heritability; and to determine the importance of this trait in breeding tropical maize for improved drought tolerance. Full-sibs within half-sib groups were developed using the Design I mating scheme and evaluated at two locations in Mexico for two seasons using water stress and non-stress environments. Results showed that in both populations, dominance genetic effects were more important than additive effects in controlling the expression of the trait. However, very little genetic variability was present in either population for the trait, although more genetic variation was detected with data collected at flowering stage, when water stress was more severe than at the vegetative stage. Non-significant phenotypic and genotypic correlations were found between osmotic adjustment and yield. Not much genetic gain could be expected from selection for osmotic adjustment in these populations.
Introduction
Drought tolerance in plants is a complex trait and the mechanisms for expression and/or inheritance are not well understood. Several attempts have been made to combine physiological and morphological studies in maize to develop effective screening methods for drought tolerance. Selection criteria such as rates of tissue elongation, synchronization of male and female flowering, leaf canopy temperature, chlorophyll fluorescence, plant height, leaf area, osmotic adjustment, rate of foliar senescence and yield under drought stress have been used to screen for drought tolerance.
In higher plants, osmotic adjustment refers to the maintenance of turgor by lowering of osmotic potential, arising from the net accumulation of solutes in drought tolerance, genetic variability, heritability, response to water deficits or salinity (Turner & Jones, 1980) . The maintenance of turgor pressure as the plant water potential declines is crucial for cell expansion, growth, and many of the associated biochemical, physiological, and morphological processes (Jones et at., 1981) . McCree (1986) suggested that greater osmotic adjustment arises from the reduction in leaf growth rate at higher leaf water potentials than photosynthesis, thereby leading to a passive accumulation of solutes as the production of assimilates exceeds the demand for growth. In addition, osmotic adjustment has been shown to maintain higher stomatal conductance. Turner et at. (1978) noted the maintenance of stomatal conductance of 0.17 cm s' at low water potentials in osmotically adjusted sorghum and sunflower plants. Therefore, maintenance of higher leaf conductance at the low water potential by osmotic adjustment would maintain high rates of photosynthesis.
A wide variety of solutes has been reported to accumulate in plant tissues during water stress, resulting in osmotic adjustment. Many of these are common metabolites such as sugars, amino acids, and organic acids. Others are nitrates, chloride, and potassium ions (Morgan, 1984) .
Considerable work has been done showing substantial differences in turgor maintenance in different species at low water potentials. Genetic variation for osmotic adjustment has been reported in wheat (Morgan, 1977 (Morgan, , 1983 Johnson et al., 1984; Morgan et a!., 1986) , sorghum (Ackerson et a!., 1980; Shackel et al., 1982; Wright & Smith, 1983) ; millet (Henson, 1982; Henson et a!., 1982) ; rice (Turner et a!., 1986) ; cotton (Karami, et a!., 1980) and barley (Blum, 1989) . However, little is known about the genetics of osmotic adjustment in tropical lowland maize. The choice of breeding methods for genetic improvement of a crop depends upon the presence of genetic variability and its nature and magnitude (Shahi & Singh, 1985 (Shahi & Singh, 1985 Plants were grown under two water regimes, i.e. rainfed and irrigated. The two-row plots (2.5 m long) with inter-row spacing of 75 cm were replicated twice.
A split plot arrangement in Replication in Block
Design (randomized incomplete-block design) was used after subdividing the males into sets or subgroups (nine sets each of five different males for Laposta and seven sets each of six males for Pool 26). The sets were randomly allocated to blocks as were progeny rows within each set. Water regimes were main plots, and families were subplots. A furrow irrigation system was used to apply 80 mm of water per application over all treatments at both locations during the first 3 weeks following germination to ensure good stands. Irrigation was continued in the control treatments every 2 weeks but no water was supplied for the stress treatments during the remainder of the growing period. Two seeds per hill were planted and plots were later thinned to obtain the required plant density (53,333 plants ha-1). Sixteen competitive plants were chosen at random in each plot for recording observations. Data were taken on grain yield, number of ears per plant, days to 50 per cent anthesis, silking (Guei & Wassom, 1992) and chlorophyll fluorescence but those data are not a part of this report. Plot sampling for water potential was done at two growth stages and at predawn (0500-0700 h) the following day after irrigation (full turgor). The first sampling was done at the vegetative stage about 4 weeks before anthesis and the second measurement during flowering. Samples consisted of two leaf discs (5 cm in diameter) collected per plant on the uppermost, fully expanded leaf. Sixteen plants were used per plot. A total of 32 discs per plot were immediately wrapped in a plastic bag to avoid transpiration and then frozen at -18°C for 1 to 2 days.
After discs were thawed, leaf sap was extracted from a bulk plot sample using a mechanical device designed by the CIMMYT maize programme. =4 a for non-inbred plant (the inbreeding coefficient F= 0); U=4Um -4o.
The standard errors of estimates of variance were computed by taking the square root of the variance of the estimates. From Table 2 
Narrow sense heritability among full-sib families was computed as follows: where: e = number of environments; r = number of replications; a = error variance.
In this study we assumed a random mating population in linkage equilibrium, and the absence of epistasis. Genetic coefficient of variation (CVg) was calculated (Kang et al., 1990) . Genotypic and phenotypic Data from each sample of progenies in each populacorrelations were computed according to Robinson et tion were analysed. The form of the analysis is given in a!. (1951) as follows: Estimates of genetic variance (Table 3) indicated that at and trait y; COVp,, = phenotypic covariance between both the vegetative (OS 1) and the flowering stages trait x and trait y; COVg(, = genotypic covariance (OS 2), variance from dominant effects was more important in the expression of osmotic adjustment trait than that from additive effects. However, the magnitude of the additive and the dominant gene actions was greater at 0S2 than at OS1. Drought stress was greater during later stages of plant growth at the test locations (Table 1) , and, as confirmed by previous results, more genetic variability was present in this population under drought stress than non-stress environments for yield, number of ears per plant and anthesis-silking interval (Guei & Wassom, 1992) .
Larger standard errors were obtained for u. This is usually expected from studies that used the Design I mating scheme, because of the complex function used to make the estimate (Hallauer & Miranda, 1988) .
Interactions between variance estimates and the environments were not significant (P> 0.05) except for aj, at the vegetative stage (P<0.01), indicating that the degree of expression of the variance estimates remained the same from location to location. Heritability estimates and the genetic coefficient of variation (cvg) were very small, indicating that not much genetic variation was present for the trait. For selection purposes, additive genetic variance is of primary importance, and thus little progress should be expected from selection for osmotic adjustment in this population. The lack of genetic variability for this trait in tropical lowland maize was reported earlier by J. Bolaños and Ratios of dominance to additive genetic variance estimates at both OS 1 and 0S2 were greater than 0.5 (complete dominance), indicating overdominance (Robinson et al., 1960) . In addition, phenotypic and genotypic correlations between osmotic adjustment and yield were small and non-significant (Table 4) .
Laposta Sequla Additive and dominance variance estimates in Table 5 indicated that more genetic variation was present in OS2 than OS1, when no or very little genetic variability was expressed. Dominant gene action was more important in the expression of the trait than additive genetic effect. However, all variance estimates in OS1 and their interactions with environments were negative. Negative estimates could be obtained if the true values of the variance were zero or very small positive quantities, because variances by definition are never negative (Robinson et a!., 1955) . Errors in sampling and failure to achieve random mating could cause negative variances. This may have been the case in this study, where male and female parents were planted at the same time. Matings involving early-, intermediate-, and late-flowering males may have been largely restricted to early-, intermediate-, and late-silking females respectively. A negative heritability estimate was obtained at OS1 and reported as zero. Genetic coefficient of variation was small at both stages, but higher at 0S2 than OS1. Similar results were obtained earlier in Pool 26 Sequia. The variance ratios, like in Pool 26 Sequia, were greater than 0.5 suggesting that overdominance was a major cause of genetic variation in osmotic adjustment.
Phenotypic and genotypic correlations were positive but non-significant. Correlations were higher at 0S2
than OS 1, as obtained earlier in Pool 26 Sequia. Significant at 0.05* and 0.01** levels.
Summary
The two elite tropical lowland maize populations used in this study are being developed at CIMMYT, Mexico for drought tolerance. Full-sib families developed from each population were evaluated. Results showed that the two populations were similar in terms of genetic variation for osmotic adjustment. In both populations dominant genetic effects were more important than additive effects in controlling the expression of the trait. However, more genetic variation was found during the flowering stage, when water stress was more severe, than at vegetative stage. But overall, very little genetic variability for osmotic adjustment was present in either population. In addition, the association between the trait and yield was weak. These findings agreed with studies performed by the CIMMYT maize programme, which found weak and inconsistent associations between osmotic adjustment and yield under drought in tropical lowland maize. Because of the lack of sufficient genetic variation, not much genetic gain should be expected from selection in these populations for osmotic adjustment. These results, although specific to these two populations and to particular environmental conditions, suggest the need for further investigations into the importance of additive and dominance genetic effects in controlling the expression of osmotic adjustment as a drought-adaptive trait in tropical lowland maize.
